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A NUMERICAL STUDY OF FLARE STABILIZED PROJECTILES
AT MACH 7.0

Montgomery C. Hughson*
U.S. Air Force Armament Laboratory
Eglin Air Force Base, FL 32542-5434

Gary T. Chapman**
NASA Ames Research Center
Moffett Field, CA 94035

Abstract

The effect of nose shape on two flare
stabilized projectiles was studied using a
Parabolized Navier-Stokes code. Pressure
coefficients, forces and woments, skin friction
coefficients, and Stanton number calculations are
presented for the hemisphere~cylinder-flare and
the cone-cylinder~flare configurations. Pitching
moment and static wmargin plots versus flare angles
and flare lengths are presented in a parametric
study to show aerodynamic stability effects.
Distinctly different flow field values of
pressure, local Mach number, and dynamic pressure
were generated by the two different nose
configurations. These flow field values just
upstream of the flare will be examined. The code
demonstrated its value as a design tool by making
a clear distinction between aerodynamically stable
characteristics for this variety of nose shapes,
flare angles, and flare lengths.

Introduction

The stabilizing effect of flared afterbodies
has long been incorporated in the design of
rockets and projectiles. For short projectiles at
relatively high Mach numbers, the flare angle and
the fla.e length can play a significant role in
the projectile'’s aerodynamic stability. Extensive
experimental studies have been made on cone-
cylinder-flared pfogectiles at Mach numbers
ranging from 2 to 4"~ and a Parabolized Navier-
Stokes (PNS) code has been used for numerical
studies. ? Most of these studies involved
conical nosed bodies at lower supersonic speeds.

This paper will present aerodynamic
characteristics determined numerically for two
flare stabilized configurations a4t Mach 7 and at
2° angle of attack; a hemisphere-cylinder-flare
and a cone-cylinder-flare. Mach 7 was chosen
because it was high enough to yield characteris-
ticly high Mach number effects yet low enough
that real gas effects can be ignored. The low
angle of attack was selected to generate pitching
moment data. The effect of the nose shape on each
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This paper is declared » work of the | .5, Government and is
not subjecs 1o copyright protection in the U nited Mates.

projectile's aerodynamic stability will be consi-
dered. Within that context, the flare angle and
the flare length will be varied to study the effect
of these two parameters. A brief description of
the PNS code, code inputs, configurations, and
flow conditions will be presented in the second
section. Aerodynamic results will be compared for
each configuration in the third section. Finally,
conclusions to be drawn will be presented in the
last section.

PNS Code and Configuratiouns

A Parabolized Navier-Stokes code6 used for
this numerical study generates finite difference
approximations to steady, three-dimensional
solutions of supersonic flow over arbitrarily
shaped bodies at high Reynolds number as long as
there are no large subsonic or axially separated
regions. From an initial condition starting solu-
tion, the code marches downstream from any given
axial location on the body. For the blunt hemis-
pherical nose configuration in Figure 1(a), the
code needed an input starting solution obtained
from a thin-layer unsteady Navier-Stokes code.
For the sharp conical nose configuration in Figure
1(b), the PNS code has a self-start capability
wherein initial starting planes are calculated
within the code.

The PNS code is a space marching code which
uses a numerical method originally developed a
NASA Ames Research Center by Schiff and Steger.
This technique obtains finite difference solutions
by solving implicit difference equations
noniteratively by way of local linearization of
the flux vector. The resulting system of
algebraic equations are solved using the Beam-
Warming method’ of implementing the alternating
direction implicit scheme using the delta
formulation. Several adﬂ;ﬁ%?n31 modifications to
the code have been made. v~

The PNS flow field predictions for the
hemisphere-cylinder~flare were obtained by
marching from a starting solution generatsd by a
thin-layer unsteady Navier-Stokes code. This
starting solution was obtained at an axial
location at the hemisphere-cylinder shoulder with
an algebraic grid of 19 by 30 points in the
circumferential and radial directions,
respectively. This data was then interpolated to
obtain an algebraic grid of 19 by 45 points. The
data was obtained at 0° angle of attack and then
rotated to a 2° angle of attack. For a
hemispherical nose, this rotation presents mno
problems theoretically. Thirty-five of the 45
radial grid points were clustered near the wall to
resolve the boundary layer. A marching step size
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of 0.0l cylinder diameters was used up ro a loca-
tion one-half cylinder diameter aft of the
hemisphere-cylinder shoulder. This small step
size captured the strong gradients in the flow
field in this shoulder region. The step size was
then increased to 0,03 diameters for marching
along the cylinder to a plane 0.13 diameters
upstream of the cylinder-flare juncture. A
reduced step size of 0.02 diameters was used to
ad just for the rapid pressure rise in the region
at the flare. This step stze was close to one-
third the boundary layer thickness predicted by
the PNS code at this point. Analysis by Vicgas
and Horstman indicate that a step stize one-half
the boundary layer thickness is sufficient to
resolve two-?imvnsional shock /boundary layer
interactions. Calculations were made on 0, 5,
10, 15, 20, and 25 degree flare angles. Attempts
to calculate a 307 flare angle failed with axial
flow separation characteristics. This is
consistent with the PNS code's ability to detect
the onset of incipient separation as evaluated by
Cottrell and Chapman. This failur» may also be
attributed to the Beam-Warming type of algorithm
which tends to introduce errors in the form of
local flow property oscillations as a4 result of
the central-differencing of fluxes across discon-
tinuities. Versions of the PNS code using an
upwind-differencing scheme to alleviate this
problem are being employed. The code's smoothing
terms were as follows: explicit damping parameter
of 0.2, implicit damping parameter of 0.4, sta-
bility coefficients of 0.25. The nominal value of
the grid spacing at the wall was 0.5 x 107°.

The PNS flow field prediction for the cone-
cylinder-flare configuration was obtained by
marching from a solution generated by the code's
self-start option for sharp conical noses. This
starting solution was obtained at an axial
location 1 cylinder diameter from the nosetip at a
2° apgle of attack. The algebraic grid was
19 by 45 points in the circumferential and radial
directions, respectively. Thirty-five of the 45
radial grid points were clustered near the wall to
resolve the boundary layer. This grid is set up
exactly the same as the grid for the hemisphere-
cylinder-flare. However, the volume of the grid
for the cone-cylinder-flare case is much smaller
than the volume of the grid for the hemisphere-
cylinder-flare case due to the smaller
distance of the bow shock. Hence, the grid points
clustered near the wall for the cone-cvlinder-
flare are packed closer together. A marching step
size of 0.02 diameters was used to a plane 0.8
cylinder diameters aft of the cone-cylinder
shoulder. This small step size resolved the large
gradients in the flow field as the solution
marched up over the shoulder., The step size was
then increased to 0.04 diameters for marching
along the cylinder to a plane 0.14 diameters
upstream of the cylinder-flare juncture. The step
size was reduced back down to 0.02 diameters to
adequately resolve the rapid pressure rise in the
flare region. For the 20° flare, the step size
was kept at 0.04 diameters. A flare angle of 25°
was attempted but the code indicated the onset of
axial flow separation just as the 30° flare angle
attempt for the hemisphere-cylinder-flare did and
the reasons cited at that time are applicable

Results and Discussion

Hemisphere-Cylinder-Flare

Figure 2 shows the shock structure for the
hemisphere-cylinder~-15 degree flare at Mach 7.
The outer boundary shock was fit by the unsteady
Navier-Stokes code for the hemisphere nose segment
and the PNS code fit the shock for the cylinder-
flare segment. Note the small discontinuity where
the shock fits are joined together at the shoulder
region. This is not unusual when shifting from an
unsteady Navier-Stokes code to a PNS code. The
unsteady code captured the subsonic region of the
nose. The sonic lines were estimated from
locations where the total Mach equaled I. The
embedded secondary shock locations were captured
by the PNS code and the estimated locations in the
flare region were obtained from P/P,
distributions between the body and the shock at
the leeward and at the windward planes. These
captured shocks are smeared across grid points and
sharp discontinuities are not apparent. Figure 3
shows pressure coefficient distributions at the
surface at three circumferential stations:
windward ray, a 90° or side ray, and a leewarA
ray. As anticipated at this small angle of
attack, there is a slightly larger C_ on the
windward side which decreases slowly as one mov~s
circumferentially to the lower C_ on the leeward
side. From a C_ of 1.83 at the nose stagnation
point, the flow field pressure undergoes a rapid
expansion over the nose shoulder, decreases
gradually along the cylinder body, and jumps
quickly at the cylinder-flare juncture. Not. once
again that the joining of unsteady Navier-Stokes
code data with PNS code data results in a slight
C_ discontinuity in the shoulder region. Figures
4~6 show pressure coefficient distributions at the
same three circumferential stations on the
cylinder-flare segment for flare angles at 0 and
19, 5 and 20, and 10 and 25 degrees. Note how the
pressure jumps at the cylinder~flare juncture.
For lower flare angles, the pressure jumps and
then decays as vcxpected tor uniform flow
approaching the flare (i.e., jump to pressure
associated with a 2-D wedge and then drop down to
pressure associated with a cone). At the 20 and
25 degree flare angles, there appears a deviation
from this trend. This is due to nonuniform f1ow
approaching the flare and will be discussed
further in the comparison with the cone-cylinder
case. Attempts to calenlate a 10° flare case
failed with axial flow separation characteristics
for reasons discussed varlier.

It should be noted that this marching code
cannot predict the pressures on the pase of the
flare. If the pressure distribution on the base
is uniform, then the base pressure effect on
pitching moment is negligible for this small angle
of attack. Pitching moment curves versus flare
lengths for various flare angles are shown in
Figure 7. Stability grows with increases in both
flare length and flare angle. These results are
similtar to the s[a}:ilitv trends reported by
Cottrell and Chapman.

Static margin curves were constructed by
subtracting the center of gravity (cg) location

here, also. The smoothing terms were kept the from the center of pressure location. A
same as those used in the hemisphere-cylinder- homogeneous body was assumed for the cg
flare study for all cases. calculation. The center of pressure locations
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were calculated by the PNS code. Both locations
were measured positively from the nose. When the
center of pressure is farther away from the nosec
than the cg, the nose will pitch downward which
indicates aerodynamic stability. In Figure 8, the
static margin for 0, 5, 10, 15, 20, and 25 degree
flare angles is plotted for various flare lengths.
For the 0, 5, and 10 degree flare cases, these
curves indicate unstable aerodynamics for whatever
flare length chosen. The 10° flare indicates an
impasse where an increase in flarz length moves
the cg and the center of pressure the same
distance with no further stability deterioration
or increase. Note that the 15, 20, and 25 degree
flare cases go stable rather quickly with
increasing flare angle and flare length in a
manner similar tn that reported by Cottrell and
Chapman. Tr - ‘aet three flare angles all go
stable for flase lungths over one-third cylinder
diameter long.

Figures 9 and 10 show typical skin friction
coefficient and heat transfer (Stanton number)
distributions. In Figure 9, skin friction decays
smoothly with axial position except near the
cylinder-flare juncture. The expansion of the
flow at the cone-cylinder shoulder increases the
boundary layer thickness resulting in a rapid
decrease in skin friction coefficient which
steadies to a smooth decay down the cylinder
segment. The spike in the sgkin friction
coefficient at the cylinder-flare juncture is
physically unreal. 1t may be attributed to the
nature of the PNS type of algorithm.
In Figure 10, Stanton number, or heat transfer,
also decreases smoothly with axial position except
near the cylinder-flare juncture. The spike at
that juncture is physically unreal.

Cone-Cylinder-Flare

Figure 11 shows the shock structure for the
cone-cylinder-15 degree flare at Mach 7. The
attached shock at the nose and the outer shock
location were estimated by the PNS code in the
step-back mode up to a location one cylinder
diameter from the nosetip. Planes of data were
stored there. The PNS code picked this data up
and marched down the rest of the configuration.
Once again, the estimated embedded shock locations
on the flare were approximated from the P/Pinf
distributions between the body and shock at the
windward and leeward planes. Figure 12 shows
pressure coefficient distributions along the
configuration at the surface for the 15° flare

case. Note the Prandtl - Meyer expansion at the
cone-cylinder shoulder which drops pressure
rapidly from a stagnation C of 2.13.

Then there is a gradual expansion back to near
freestream pressure values down the cylinder
segment. Figures 13-15 show pressure coefficient
distributions on the cylinder-flare segment for
flare angles of 0 and 15, 5 and 20, and {0
degrees. Note how the pressure data jumps at the
cylinder-flare juncture for all cases followed by
a continual pressure rise normally associated with
nonuniform flow. This nonuniform aspect of the
flow will be discussed in the comparison section
that follows. Attempts to calculate a 25° flare
failed with axial flow separation characteristics
consiste&t with the results found by Cottrell and
Chapman but may also be attributed to the Beam-
Warming algorithm mentioned previously., Pitching

moment curves versus flare lengths for various
flare angles are shown in Figure lh. As expected,
the pitching moment grows as flare angle and flare
length increases.

Static margin curves were constructed from the
PNS code data and are shown for flare angles 0, 5,
{0, 15, and 20 degrees in Figure 17. Note it
appears that the 0 and 5 degree flare angles will
never yield aerodynamic stability by increasing
the flare length. Note, too, that the 10° flare
goes stable at a flare length approximately one-
third cylinder diameter. The 15 and 20 degree
flares yield stability rather quickly as the flare
length increases.

Figures 18 and 19 show skin friction
coefficient and heat transfer (Stanton number)
distributions. The spike at the flare for both of
these plots 1is not realistic and may be attri-
buted to flow property oscillation problems
mentioned earlier.

Comparison of Configuration Results

A comparison of the aerodynamic results must
start with an examination of the outer shock
boundaries in Figures 2 and 1l. The hemisphere
nose generates a detached bow shock with a
characteristic subsonic region while the cone nose
has an attached shock. The difference between
these bow shock waves lead to very different flow
conditions in front of the flares. Figures 20,
21, and 22 show the radial distribution of P/pin
local Mach number, and dynamic pressure (q/qinf’
respectively. These distributions are taken at a
location just upstream of the cylinder-flare
juncture for the hemisphere-cylinder-flare and
for the cone-cylinder-flare configurations. Also
shown in these figures are the effective height of
a 10° and a 20° flare at the base. This gives a
rough idea of the flow encountered by these
flares. Figures 23(a) and 23(b) show the
algebraic grid at these locations for the
hemisphere-cylinder-flare and for the cone-
cylinder-flare, respectively.

The P/Pinf plot in Figure 20 reveals the large
region of constant pressure each configuration
has. Pressures just before the flare are close to
50% higher for the hemispherical nose configura-
tion. The strong bow shocks on vach of the two
lead to significant entropy losses. The blunt
hemisphere body has the greater losses. This is
illustrated by the lower local Mach number and the
lower dynamic pressure in front of the flare for
this blunt nose compared to the cone nose as shown
in Figures 21 and 22. The significant reduction
in dynamic pressure accounts for the much lower
static margins of the hemisphere-cylinder-flare
compared to the cone-cylinder-flare configuration

Although the hemispherical nosed body has the
greater entropy losses of the two, the conical
nosed body has more of a variation in local Mach
number radially over the distance comparable to
the flare height. It is this variation that
accounts for the rather smooth pressure coeffi-
cient rise along the flare on the conical-nosed
body seen in Figures 12-15. This variation in
local Mach number i1s only present in a small
radial region for the hemispherical-nose body
Hence, only the smaller flare angles for the
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